We prospectively studied the dose-dependent effect of transfused stored red blood cells (RBCs) on recipient RBC indices, deformability and cell density in 10 patients administered stored RBCs for blood transfusion during general surgery. There were dose-dependent decreases in mean corpuscular volume and increases in mean corpuscular haemoglobin concentration after completion of 4-and 6-unit stored RBC transfusions. The amount of dense populations increased proportionately with the amount of stored RBCs transfused. The maximal deformability index value was significantly and dose-dependently decreased, suggesting that hemodynamic blood flow, especially the microcirculation may be impaired in patients who receive large amounts of stored RBCs.
Introduction
Although transfusions can provide life-saving replenishment of lost blood volume by preventing circulatory collapse, transfusion-related adverse outcomes are frequently observed in patients who receive large amounts of stored red blood cells (RBCs) and/or are transfused with RBCs that have been stored for extensive periods [1, 2] . The impact of RBC ageing on patient outcome, however, is highly controversial, with recent studies having shown no detrimental effects [3] . The process of banking RBCs including the collection techniques and preparation methodologies may affect the quality and clinical impact of storage lesions. RBCs undergo timedependent metabolic and morphological changes during storage, known as storage lesions, that are accompanied by decreased deformability [4] . It was previously demonstrated that the total number of units of stored RBCs transfused was a good predictor of RBC deformability [5] , which is a potent effector of transfusion outcome, particularly the recipient's blood microcirculation [6] .
Therefore, we evaluated the dose-dependent effect of stored RBC transfusion on recipient RBC deformability, indices and density.
Materials and methods
After obtaining approval for this study (No.4303), we prospectively collected blood samples from 10 patients who were administered stored RBCs through an intravenous line during general surgery. Patients were transfused with ABO/Rh matched RBC units. A cell-saver collection device was not used in any patients. The average storage time for administered stored RBCs, which were obtained from the Red Cross Blood Bank in Japan, was 7Á8 -1Á9 days. All RBC units were produced from 400 ml of whole blood drawn in 56 ml of citratephosphate-dextrose solution and processed to be leukoreduced, separated from plasma by centrifugation at 47809 g, and resuspended with 92 ml MAP (mannitol, adenine, phosphate) solution (Sepacell Integra, Minato, CA, Kawasumi Laboratories, Inc. Tokyo, Japan). All RBC products are irradiated at a minimum dose of 15 Gy before storage and then stored at 4°C until use. Blood samples (5 ml) were drawn from an indwelling arterial catheter into 3Á2% lithium-heparin tubes before blood transfusion (baseline), and shortly after each 2 unit Correspondence: Junko Ichikawa, Department of Anesthesiology, Tokyo Women's Medical University Medical Center East, 2-1-10 Nishiogu, Arakawa-ku, Tokyo 116-8567, Japan E-mail: htwfx872@yahoo.co.jp (280-ml) administration of stored RBCs (after 2 units, n = 10; after 4 units, n = 10; after 6 units, n = 4). Samples were also drawn from each blood storage bag containing administered stored RBCs. Same experiments were performed on both bag storage samples and patient blood samples.
Red blood cell indices, including haemoglobin, haematocrit, mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH) and mean corpuscular haemoglobin concentration (MCHC) were calculated using an automated haematology analyzer (Sysmex, Hy ogo Japan). To measure RBC deformability, washed RBCs were suspended in 3Á5% polyvinylpyrrolidone solution and subjected to linearly increasing shear stress (0-150 dyn/cm 2 ). Changes in laser diffraction patterns were examined to derive the deformability index (DI) using an ektacytometer [7] . RBCs were fractionated according to their densities by step-gradient density centrifugation using Percoll (Sigma-Aldrich, St. Louis, MO) [8] . Differences in mean values within groups were analysed by repeated measures analysis of variance followed by a paired t-test with Holm's correction. The criterion for rejecting the null hypothesis was P < 0Á05. The relationship between stored RBC dosage and DImax in the pilot study enrolled five patients was roughly 0Á4 as the effect size. In this case, 10 samples were necessary to detect statistical significance at the a value of 0Á05 and power of 0Á8.
Results
The patient characteristics, surgical variables, blood loss and transfusion data during surgery are summarized (Table 1) . There were significant changes in MCV, MCHC and haematocrit levels following completion of the 4-and 6-unit transfusions of stored RBCs (Table 2) . MCV decreased dose-dependently (P < 0Á0001), whereas MCHC increased dose-dependently (P = 0Á021). The DImax values were significantly and dose-dependently decreased after stored RBC transfusion compared with the baseline (P < 0Á0001), and the DImax decreased by 32% from baseline (P = 0Á03) after the 6-unit transfusion of stored RBCs (Table 2 ). The DImax of administered stored RBCs in bag samples was significantly different from baseline (P < 0Á001, Table 2 ).
The amount of dense RBCs separated using Percoll density gradient centrifugation increased proportionately with the amount of administered stored RBCs, and the dense population was readily detectable after the 6-unit transfusion (Fig. 1) . The dense cell populations were most abundant in the administered stored RBCs in bag samples (Fig. 1) . Prestoragec irradiation induces an immediate and increase in the number of low deformable RBCs [12] . Gamma irradiation produces free radicals and reactive oxygen species in stored RBCs that might induce changes in the cytoskeleton and intracellular viscosity, a major determinant of RBCs' deformability [13] . If non-irradiated RBC units were transfused, the study findings may not be reproducible. In Percoll density gradients used for RBC age-fractionation [14] , the observation that the bottom layer of centrifuged cells was abundant in stored RBCs corresponds to aged populations of erythrocytes, which show a reduced surface area-to-volume ratio and increased intracellular viscosity, which are related to low RBC deformability [10] .
In the present study, the dose-dependent decrease in DImax after stored RBC transfusion may have resulted from the dilution of fresh circulating RBCs with less 
Data are presented as mean -standard deviation. MCH, mean corpuscular haemoglobin; MCHC, mean corpuscular haemoglobin concentration; MCV, mean corpuscular volume; RBC, red blood cell. *P < 0Á05 compared with baseline values. (1) Before blood transfusion (baseline); (3) after 2 unit (280 ml) blood transfusion; (5) after 4 unit blood transfusion; (7) after 6 unit blood transfusion; (2), (4), (6) 
